Virus-associated particles have been isolated from the livers of three common gray tree squirrels (Sciurus carolinensis pennsylvanicus) that have histological evidence of hepatitis. Two of these livers were also positive by orcein staining, suggesting the presence of surface antigen in the cytoplasm of hepatocytes. Fractionation of these particles by CsCl density equilibrium gradient centrifugation and assay of the fractions for surface antigen, core antigen, and DNA polymerase activities demonstrate the presence of all three at an approximate density peak of 1.27. Electron microscopic examination of purified virus preparations showed spherical particles with a mean diameter of 25 nm. Initial characterization of the DNA polymerase product by gel electrophoresis showed a single DNase I sensitive band, migrating slightly faster than the woodchuck hepatitis virus DNA polymerase product. The presence of apparently cross-reacting antibodies was demonstrated by purified hepatitis B surface and/or core antigens binding to some squirrel sera in solid phase assays. Infected tree squirrels appear to lack detectable antigen in their sera. These results suggest that the tree squirrels studied are chronic carriers of a hepatitis B type virus. The host-virus interaction described herein may be useful in understanding the chronic carrier state associated with hepatitis B in man.
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Elucidation of hepatitis B virus (HBV) molecular biology relevant to the asymptomatic carrier state and disease, including chronic hepatitis and hepatocellular carcinoma, has been hampered by its narrow host range of infection and its inability to replicate in a tissue culture system. The discovery of hepatitis B type viruses in woodchucks (1), ground squirrels (2) , and ducks (3) has provided important systems to address questions concerning host-virus interactions (4), including hepatocellular carcinoma (1, 4) , and has recently made significant contributions toward better understanding the viral replication scheme (5) . The continued development of these systems and the search for new ones will be important in learning more about their biology and that of HBV. In this study virus-associated particles have been found in liver extracts obtained from locally captured tree squirrels. Characterization of such particles demonstrates that they are distinct from, but similar to, HBV and related viruses. It is proposed that this tree squirrel hepatitis virus (THBV) is another member of the group including HBV, woodchuck hepatitis virus, ground squirrel hepatitis virus, and duck hepatitis B virus.
MATERIALS AND METHODS
Animal Studies. Ninety-four tree squirrels (Sciurus carolinensis pennsylvanicus) were collected with humane traps in areas adjacent to the Fox Chase Cancer Center (Philadelphia and Montgomery Counties, PA), around Reading, PA, and in selected sites within several neighboring states.
Isolation of Tree Squirrel Antigen. The liver was obtained from each tree squirrel immediately after capture and frozen at -70'C until use. Approximately 200 mg of each liver was homogenized in 20 mM Tris HCl, pH 7.5 (grinding buffer), at 00C (6) . The mixture was sonicated (twice for 30 sec) and centrifuged at 10,000 rpm at 40C for 30 min. The pellet was resuspended in fresh grinding buffer, sonicated, and centrifuged again as described above. The supernatants were pooled, layered over 20% (wt/vol) sucrose in grinding buffer, and centrifuged at 20,000 rpm at 4°C for 18 hr in a Beckman Ti 60 rotor. Pellets were resuspended in grinding buffer and centrifuged once more at 50,000 rpm at 4°C for 4 hr in a Ti 60 rotor. These pellets were further analyzed by CsCl density equilibrium centrifugation by resuspension in phosphatebuffered saline (PBS, 0.015 M sodium phosphate, 0.15 M sodium chloride), pH 7.3, followed by addition of enough CsCl to make the density 1.2090 g/ml. Centrifugation was carried out at 40,000 rpm, 10°C, for 72 hr in a Beckman SW 55 rotor. Alternatively, pellets were taken up in 0.01 M Tris HCl, pH 7.5, 0.15 M NaCl (Tris/saline) and chromatographed over a Sepharose 4B column (3 x 60 cm, LKB) equilibrated with the same buffer.
Antigen and Antibody Assays. Crude liver extracts (antigen samples prior to CsCl density equilibrium centrifugation or Sepharose 4B chromatography), sera, column, or gradient fractions were tested for cross-reactive hepatitis B surface antigen (HBsAg) by the Ausria II or Auszyme assay kits (Abbott). For hepatitis B core antigen (HBcAg) assay, samples were spotted onto nitrocellulose (BA85; Schleicher & Schuell) and developed with 125I-labeled anti-HBc from the Corab assay kit (Abbott). Samples were also tested for core reactivity by direct assay in the Corab kit.
Tree squirrel sera were screened for cross-reacting antiHBs or anti-HBc by using several different assays. For anti-HBs detection, the commercially available Ausab (Abbott) or passive hemagglutination assay kits (HemasureAb, Electro-Nucleonics, Bethesda, MD) were used. Alternatively, squirrel sera were serially diluted in PBS, pH 7.3, containing 10% (vol/vol) fetal bovine serum (PBS/FBS) and used to coat Immulon 2 Removawells (Dynatech, Alexandria, VA). Following overnight adsorption, the wells were washed six times in PBS/FBS, and 1 ,ug of purified HBsAg (7, 8) DNA Polymerase Reaction and Analysis of Labeled Products. Tree squirrel antigen pelleted from a crude lysate, from Sepharose 4B peaks, or from CsCl gradient fractions was radiolabeled for 1 hr by the endogenous DNA polymerase (DNAp) reaction as described (10, 11) and then digested for 30 min at 370C with pronase at a final concentration of 0.5 mg/ml in 10 mM Tris HCl, pH 7.4, 10 mM EDTA, and 0.1% NaDodSO4. The digest was electrophoresed in 1.5% agarose gels using buffer and electrophoretic conditions described (3). The gels then were dried under vacuum and exposed to x-ray film for screen-intensified autoradiography.
DNase I Digestion. Some agarose gels containing the tree squirrel antigen-associated DNAp reaction product were run in the presence of 0.1 4g of ethidium bromide/ml (Calbiochem) next to HindIII-digested phage X DNA markers (Bethesda Research Laboratories). A trough was cut just in front of the 2-kilobase X DNA fragment in the lane containing the DNAp product, and the radioactive band recovered by electroelution. The material was ethanol precipitated in the presence of 20 ,g of carrier salmon sperm DNA and washed twice, and then half was treated with DNase I (Sigma; ribonuclease free) in 0.05 M Tris-HCl (pH 7.2), 0.01 M MgSO4, 0.1 mM dithiothreitol, and 50 ug of bovine serum albumin/ml (fraction V, Sigma). The product before and after DNase I treatment was then analyzed on agarose gels as described above.
Electron Microscopy. Semi-purified antigen resulting from CsCl density equilibrium centrifugation or Sepharose 4B column chromatography was layered on continuous CsCl gradients (density 1.15-1.30 ) and centrifuged at 10°C for 2.5 hr in an SW 40 rotor at 34,000 rpm. The gradients were then fractionated and assayed for crossreactive surface and core antigen containing fractions as well as for DNAp activity. One hundred microliter fractions positive by all three criteria were diluted 1:10 in 0.005 M Tris HCl/0.0005 M EDTA (pH 7.5) (TE) and centrifuged overnight at 10°C in a type 25 rotor at 20,000 rpm. After carefully decanting the tubes, the pellets were resuspended in 10 Al of TE and transferred to nitrocellulose-carbon coated 300 mesh copper grids for electron microscopy. Grids were negatively stained with saturated, aqueous uranyl acetate and viewed on a Philips 420 electron microscope. The presence of tree squirrel antigen in liver sections was also assayed using orcein, a histochemical stain that detects HBsAg in HBV-infected hepatocytes (12) . In a group of 32 tree squirrel livers selected for orcein staining, two of the three livers containing virus were strongly positive (Fig. 1) . As with HBsAg, hepatocyte staining was strictly cytoplasmic. Livers lacking detectable tree squirrel antigen by the criteria described above were uniformly negative. These results are consistent with the presence of material similar to HBsAg exclusively in the cytoplasm of infected hepatocytes in virus-containing animals. (Fig. 3B) . The DNase I sensitivity of the DNAp product following pronase digestion also suggests that the radiolabeled band is due to the presence of DNA (Fig. 3C) . These results are consistent with the presence of a nucleic acid species that becomes endogenously radiolabeled in the DNAp assay and copurifies with the crossreactive surface and core antigen containing fractions using two independent approaches.
RESULTS
Tree squirrel antigen partially purified by density equilibrium ultracentrifugation or column chromatography was further purified by rate zonal sedimentation in preformed CsCl gradients. Fractions positive for DNAp activity, and crossreactive surface and core reactivities were used to prepare samples for electron microscopy. Fraction aliquots were centrifuged overnight, and pellets were resuspended. Negatively stained samples were examined (Fig. 4) anti-HBc in each serum resulted in three different types of response to infection (Fig. 5) . Twelve sera demonstrated a pattern of reactivity consistent with there being a strong anti-HBc response and little or no anti-HBs, as exemplified in Fig. 5A . In 28 sera, neither anti-HBc nor anti-HBs responses were detectable, as shown in Fig. 5B . In the remaining 13 sera, both activities were present, as presented in Fig. 5C . The titers in many squirrel sera were similar to positive controls using known anti-HBs and anti-HBc containing sera (Fig. 5D) . Further, the P/N ratios in Fig. 5B with tree squirrel sera were similar to those obtained using human sera with the Ausab and Corab kits known to be negative for the corresponding antibodies. The (1986) A from THBV-infected tree squirrel livers. Particles having similar characteristics have also been isolated from HBVinfected human livers (14) . In the case of infected human liver, the major particle-associated DNA forms are doublestranded relaxed circular and linear, both of which are analogous to the DNA forms predominant in serum-derived Dane particles. In this study, characterization of the DNAp reaction product of THBV resulted in a broad band 2-2.4 kilobases in size, which is smaller than the 3-3.3 kilobases full-length genomes of HBV and other related viruses. Similar results have been obtained when virus-derived ground squirrel hepatitis virus DNA was compared to HBV DNA by gel electrophoresis and Southern blotting under nonstringent conditions (15) . Since these DNA molecules were detected by nonstringent hybridization prior to the DNAp reaction, a simple explanation for the relatively fast migration of THBV DNA in comparison to HBV DNA following the DNAp reaction may be incomplete filling in of the single-stranded region. The DNase I sensitivity of the DNAp reaction product from THBV is also consistent with it being DNA. Extending the endogenous polymerase reaction from 1 to 6 hr resulted in an increased incorporation of radioactivity with time (unpublished data) further suggesting that the reaction product has a partially single-stranded structure that is filled in over time, as observed in HBV and other related viruses.
The absence of detectable virus particles from the sera of infected animals could indicate either that viral replication is proceeding at a low rate, with release of a few virions into the blood, or that a vigorous antibody response is present. While the latter explanation may be operative in squirrel 309017, the lack of any detectable binding of HBsAg or HBcAg to the sera of 308960 and 308957 suggests that perhaps low levels or complete lack of viral replication, which is characteristic of the HBsAg-negative chronic carrier state in HBV infection (16) , may be present in these animals. Alternatively, noncross-reacting viral antibodies may exist in these sera. If antibodies cross-reacting with purified HBsAg and/or HBcAg roughly reflect the frequency of virus exposure, then the THBV-negative carrier state may be the dominant one in infected adult tree squirrels. Among the hepatitis B type viruses, long-term duck hepatitis B virus infection is also often characterized by a lack of circulating antigen (4, 17) . The inverse relationship between liver disease and serum DNA or endogenous polymerase activity observed with duck hepatitis B virus infection (17) also seems to be consistent with the observations herein. Since HBV replication generally decreases as liver disease progresses from chronic passive to chronic active hepatitis and is infrequent or absent in primary hepatocellular carcinoma (17) (18) (19) (20) (21) , it may be possible to study this type of disease progression in a mammalian host. If further work more firmly establishes the presence of a chronic carrier state, comparison of the host-virus relationship in this system with that of infected woodchucks and ground squirrels may help elucidate some of the factors in related mammalian hosts that account for the differences in pathogenesis among them.
